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Where do we stand?
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• SU(3)c x SU(2)L x U(1)Y gauge symmetries.

• Matter is organised in chiral multiplets of the fund. representation.

• The SU(2) x U(1)  symmetry is spontaneously broken to U(1)EM. 

• Yukawa interactions lead to fermion masses, mixing and CP violation.

• Matter+gauge group => Anomaly free 

• Renormalisable = valid to “arbitrary” high scales. 

• A number of accidental symmetries seen in Nature.  

• Neutrino masses can be accommodated in two distinct ways. 

ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)

[Andreassen et al. 1707.08124]

SM

CC#1: Determine the SM parameters in terms of underlying UV 
dynamics, and in particular the Higgs mass is out of control.

https://arxiv.org/abs/1707.08124
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Where do we stand?
The LHC reference frame and unit of time
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Where do we stand?
The LHC reference frame and unit of time
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t0

We are at 1/3 of our adventure with 1/20 of the expected data 

tHL-LHC~tNextSnow
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Where do we stand?
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• Ta n g i b l e r e s u l t s o f a n a m a z i n g 
experimental effort over a 10+ year span, 
accessing a wide range of final states, 
each with very different challenges. 

• Theory predictions seem adeguate. (The 
key role of MCs is hidden in this plot). 

• Comparison with SM predictions shows 
that we have the necessary theoretical  
and experimental control to move onto  the 
next phase. 
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LHC master formula
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p

× σ̂ab→X(x1, x2, αS(µ2

R),
Q2

µ2

F

,
Q2

µ2

R

)σX =
∑
a,b

∫ 1

0

dx1dx2 fa(x1, µ
2

F )fb(x2, µ
2

F )

p

µFµF

x1E x2E

`+ `�

long distance
long distance

Measure ( & evolve perturbatively) Compute perturbatively
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Precision calculations for the LHC
The path
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αS

αW

∑
n

(αx u)n

“Rules of thumb at the LHC”:


• Predictions must be calculated at least to NLO QCD to control the central 
value at 10-20%.


• N2LO QCD provides control at 5% level and on the uncertainties stabilizing 
the perturbative expansion.


• N2LO QCD is expected to be of the same order as NLO EW , yet 
EW corrections grow large and negative at high energies (Sudakov logs). 


• N3LO QCD is the frontier of precision aiming ~1% of MHO uncertainties. 


• Resummation Universal, all-order terms that are potentially large for some 
observables (logs or 1PI loops for propagators) need to be resummed. They 
might refer to global or non-global observables. Resummation leads to 
mprovements in precision and accuracy. 


α2
S ∼ αW
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The precision goal
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Edwin 1990 Edwin 2022
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HL-LHC projections
Higgs couplings
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[De Blas et al., 2020]

10-20%

[De Blas et al., 2020]

    →          2-4%

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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HL-LHC projections
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Now
[ATLAS, 2022]

Higgs couplings

[De Blas et al., 2020]

Currently limits on  from H and HH are comparable and will stay so at the HL-LHC.

Borderline sensitivity to say something about EW baryogenesis… 

kλ

Future

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://arxiv.org/abs/1905.03764
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Precision calculations for the LHC
Status
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Fixed Order 
LO, NLO,…


QCD EW

Resummation 
LL, NLL,… 


Parton Showers

PDF’s 
LO,NLO,..Evolution


Fits

Precision

@ LHC



,

2j at N3LOQCD

Vbb at N2LOQCDH+j at NLOQCD

tt at N2LOQCD

ttH at N2LOQCD

H,Z,W at N2LOQCD

H,Z,W at N4LOQCD

tt at NLO2EWxQCD

4j at N2LOQCD

ZH at N2LOEW

3j at N2LOQCD

V+3j at N2LOQCD
H,Z,W at N3LO

H,Z,W at NLO2EWxQCD

NEW

As of 22 July 2022.  
FAST MOVING FRONTIER

DONE

TO DO

* The more # of  loops/legs/scales (colors) the more difficult.

* Only Z,W,H 2 to 1 production known at N3LO

* EWxQCD corrections very limited

* EW N2LO still to be explored

* Need a subtraction method to turn to  IR safe observables

The multi-loop frontier
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Precision calculations for the LHC
Status: Fixed Order
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• NNLO brings us in the 
few percent arena

• Several NNLO 
computations move the 
central value out of the 
NLO uncertainties

• The 2→3 wall broken
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Precision calculations for the LHC
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<5%

N3LO revolution

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.06730 [hep-ph]

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.06730


Precision calculations for the LHC
N3LO : good for the moment

TH and EXP are comparable now….
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Precision calculations for the LHC
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Resummation improves the stability of the cross 
section predictions even in presence of cut-
induced log effects. 

[Billis et al.  et al,  2102.08039]

N3LO : already not enough

EXP (way) better than TH already now!!

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.06730 [hep-ph]
Contribution to: 2022 Snowmass Summer Study: e-Print:2203.07907 [hep-ph]

https://arxiv.org/abs/2102.08039
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.06730
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07907
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Precision calculations for the LHC
Fully exclusive simulations
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2

In QCD every gluon emission  creates a new dipole with a smaller opening.  Angular 
ordering of the soft radiation. Finally leading to color-connected cluster of low 

virtuality that can fragment into hadrons. DGLAP resummation+angular ordering 
allows collinear and soft resummation.

Contribution to: 2022 Snowmass Summer Study: e-Print:2203.12557 [hep-ph]
Contribution to: 2022 Snowmass Summer Study, e-Print: 2203.06799 [hep-ph]

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.12557
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.06799


Snowmass Community Summer Study Workshop at Seattle -  22 July 2022                   Fabio Maltoni 

Precision calculations for the LHC
Fully exclusive simulations
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[M. Dasgupta et al.  2002.11114 ] [K. Hamilton et al. 2011.10054 ]

All current PS implementations are formally at LL accuracy 
(with several  improvements towards NLL). Moving them to 
NLL has been proven a formidable challenge. Needs to 
account subheading effects in the logs and in color. 

Systematic explorations are on-going and very promising.
[Nagy and Soper 2011.04773, 2011.04777]
[Forshaw et al. 2003.06400]

G
av

in
 S

al
am

 IC
H

EP
 2

02
2

In QCD every gluon emission  creates a new dipole with a smaller opening.  Angular 
ordering of the soft radiation. Finally leading to color-connected cluster of low 

virtuality that can fragment into hadrons. DGLAP resummation+angular ordering 
allows collinear and soft resummation.

Contribution to: 2022 Snowmass Summer Study: e-Print:2203.12557 [hep-ph]
Contribution to: 2022 Snowmass Summer Study, e-Print: 2203.06799 [hep-ph]

https://arxiv.org/abs/2011.04773
https://arxiv.org/abs/2011.04777
https://arxiv.org/abs/2003.06400
https://inspirehep.net/authors/1012405
https://arxiv.org/abs/2002.11114
https://inspirehep.net/authors/1027899
https://arxiv.org/abs/2011.10054
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.12557
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.06799
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Precision calculations for the LHC
Status: PDF’s
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[Khalek, et al. 1906.10127]

[ Moch et al. , 1707.08315]

• Complete N3LO PDF’s 
evolution not available yet. 
Non-singlet evolution available 
at 4 loops already. 


• Error budget with many 
sources. MHO uncertainties yet 
to be included in the final 
assessment. 


• Reaching 1% will be very 
challenging.


• Room for a breakthrough from 
lattice?

Contribution to: 2022 Snowmass Summer Study 2203.13923 [hep-ph]

https://arxiv.org/abs/1906.10127
https://arxiv.org/abs/1707.08315
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.13923


Gavin Salam ICHEP 2022

            first approx N3LO PDFs

➤ includes approximations & data-
driven fits to parts of N3LO 
currently unknown 

➤ 7.6% decrease in Higgs cross 
section (w. N3LO σ) 

➤ PDF part of uncertainty goes up 
by ×2.5–3 

➤ fairly surprising; starting point for 
many future investigations

27

Approximate N3LO Parton Distribution Functions
with Theoretical Uncertainties:

MSHT20aN3LO PDFs

J. McGowana, T. Cridgea, L. A. Harland-Langb, and R.S. Thornea

a Department of Physics and Astronomy, University College London, London, WC1E 6BT,

UK
b Rudolf Peierls Centre, Beecroft Building, Parks Road, Oxford, OX1 3PU

Abstract

We present the first global analysis of parton distribution functions (PDFs) at approx-

imate N3LO in the strong coupling constant ↵s, extending beyond the current highest

NNLO achieved in PDF fits. To achieve this, we present a general formalism for the in-

clusion of theoretical uncertainties from missing higher orders (MHOs) into a PDF fit. We

demonstrate how using the currently available knowledge surrounding the next highest

order (N3LO) in ↵s can provide consistent, justifiable and explainable approximate N3LO

(aN3LO) PDFs, including estimates for missing higher order uncertainties (MHOUs).

Specifically, we approximate the splitting functions, transition matrix elements, coe�cient

functions and K-factors for multiple processes to N3LO. Crucially, these are constrained

to be consistent with the wide range of already available information about N3LO to

match the complete result at this order as accurately as possible. Using this approach

we perform a fully consistent approximate N3LO global fit within the MSHT framework.

This relies on an expansion of the Hessian procedure used in previous MSHT fits to allow

for sources of theoretical uncertainties. These are included as nuisance parameters in a

global fit, controlled by knowledge and intuition based prior distributions. We analyse

the di↵erences between our aN3LO PDFs and the standard NNLO PDF set, and study

the impact of using aN3LO PDFs on the LHC production of a Higgs boson at this order.

Finally, we provide guidelines on how these PDFs should be be used in phenomenological

investigations.
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� order PDF order � +��+ ���� (pb) � (pb) + ��+ ���� (%)
PDF uncertainties

N3LO

aN3LO (no theory unc.) 44.164 + 1.339 - 1.382 44.164 + 3.03% - 3.13%
aN3LO (Hij +Kij) 44.164 + 1.473 - 1.395 44.164 + 3.34% - 3.15%

aN3LO (H 0
ij
) 44.164 + 1.515 - 1.354 44.164 + 3.43% - 3.07%

NNLO 47.817 + 0.558 - 0.581 47.817 + 1.17% - 1.22%
NNLO NNLO 46.206 + 0.541 - 0.564 46.206 + 1.17% - 1.22%

PDF + Scale uncertainties

N3LO

aN3LO (no theory unc.) 44.164 + 1.339 - 2.214 44.164 + 3.03% - 5.01%
aN3LO (Hij +Kij) 44.164 + 1.473 - 2.222 44.094 + 3.34% - 5.03%

aN3LO (H 0
ij
) 44.164 + 1.515 - 2.196 44.164 + 3.43% - 4.97%

NNLO 47.817 + 0.577 - 2.210 47.817 + 1.21% - 4.62%
NNLO NNLO 46.206 + 4.284 - 5.414 46.206 + 9.27% - 11.72%

Table 13: Higgs production cross section results via gluon fusion using N3LO and NNLO hard cross
sections combined with NNLO and aN3LO PDFs. All PDFs are at the standard choice ↵s = 0.118.
These results are found with µ = mH/2 unless stated otherwise, with the values for µ = mH supplied
in Table D.1.

Figure 45: Higgs production cross section results via gluon fusion at two central scales: µ = mH/2
(left) and µ = mH (right). Displayed are the results for aN3LO PDFs with decorrelated K-factors
((Hij +Kij)�1), correlated K-factors (H 0 �1

ij
= (Hij +Kij)�1) each with a scale variation band from

varying µr by a factor of 2. In the NNLO and NLO PDF cases, both scales µf and µr are varied by
a factor of 2 following the 9-point convention [11].
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Figure 45: Higgs production cross section results via gluon fusion at two central scales: µ = mH/2
(left) and µ = mH (right). Displayed are the results for aN3LO PDFs with decorrelated K-factors
((Hij +Kij)�1), correlated K-factors (H 0 �1

ij
= (Hij +Kij)�1) each with a scale variation band from

varying µr by a factor of 2. In the NNLO and NLO PDF cases, both scales µf and µr are varied by
a factor of 2 following the 9-point convention [11].
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stop 
pressPrecision calculations for the LHC
Status: PDF @ N3LO

[J. McGowan et al 2207.04738]

• Includes approximations and data-driven fits to 
N3LO parts that are current unwon


• Sizeable decrease in Higgs cross sections (~8%) 


• Leads to a larger uncertainties in the PDF
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The lattice frontier
 and PDF’sαS

21

Lattice determinations of the strong coupling   [Del Debbio and A. Ramos e-Print: 2101.04762 ]

MHO PC
Using Lattice QCD, one can combine input from well-measured QCD quantities -- like 
for example the proton mass, or a meson decay constant -- with the perturbative 
expansion of a short distance observable that does not need to be directly observable 
(like the quark anti-quark force). The advantage of this approach is that the 
experimental input comes from the hadron spectrum with a negligible uncertainty.

Neural-network analysis of Parton Distribution Functions from Ioffe-time pseudodistributions [L. Del Debbio et al. 2010.03996 ] 
Parton Distribution Functions from Ioffe Time Pseudodistributions from Lattice Calculations: Approaching the Physical Point  [Bálint Joó et al. : 2004.01687 ] 

This formula allows to relate collinear PDFs to quantities which are computable 
in lattice QCD simulations, through a factorized expression similar to those 
relating collinear PDFs to physical cross sections.It can be used in a fitting 
framework, to extract PDFs from lattice data, performing the same kind of 
analysis which is usually done when considering experimental data.

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.13923 [hep-ph]
Contribution to: 2022 Snowmass Summer Study e-Print: 2203.08271 [hep-ph]

https://inspirehep.net/literature/1840506
https://arxiv.org/abs/2101.04762
https://inspirehep.net/literature/1821940
https://arxiv.org/abs/2010.03996
https://inspirehep.net/literature/1789625
https://inspirehep.net/authors/1004118
https://arxiv.org/abs/2004.01687
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.13923
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.08271
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Precision calculations for the LHC
CC#2 : Reach the 1% goal by the start of the HL-LHC

22

Fixed Order 
LO, NLO,…


QCD/EW

Resum 
LL, NLL,… 


PS

PDF’s 
LO,NLO,..


Fits

• Very fast progress in conceptual 
as well as technical aspects. 


• Tight and consolidated 
community, with high 
momentum. 


• Considering the status of 20 
years ago seems clear that 
NNLO will be completed and  
N3LO will start to become 
available for 2→2 (see 3-loop 

 results)


• Mixed QCD-EW being included. 

qq̄ → γγ

• A variety of approaches 
available, both analytical and 
numerical. 


• Analytically historically 
matching the FO accuracy. 


• NNLO+PS will be the new 
standard. (N3LO+PS already 
being explored)


• Having a NLL and beyond PS, 
is being explored now. To be 
seen. 


• Not clear  whether one can 
reach 1%. 

• Complete N3LO PDF’s 
evolution not available yet. 


• PDF determination from fitting 
large set of data. Final quality 
depends on measurements. 


• Error budget with many 
sources. MHO uncertainties yet 
to be included in the final 
assessment. 


• Reaching 1% will be very 
challenging.


• Room for a breakthrough from 
lattice.

https://arxiv.org/abs/2011.13946
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
https://arxiv.org/abs/2106.03206
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Precision calculations for the LHC

23

What about New Physics?

• Precision predictions for popular (SUSY) BSM scenarios have been made 
available over the years.


• As the BSM options proliferate, automatic methods to compute at least NLO 
corrections have been used. 


• In any case, the generic rationale is  that they are not needed for discovery 
(don’t change the sensitivity) but only in the limit setting. 


• Are there significant exceptions?
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One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

Searching for new interactions with an EFT 
A simple approach

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

Two main strategies for searching new physics 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

24

(6)

Contribution to: 2022 Snowmass Summer Study: e-Print:2206.0832 [hep-ph]

http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1610.05771
https://arxiv.org/abs/1709.08649
https://inspirehep.net/conferences/1803127
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SM 1967 SM(EFT) 2020

Restyling the SM
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Interpretation needs precision

ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

a(6)
n,i (μ) c(6)

i (μ) + 𝒪 ( 1
Λ4 )

The master equation of an EFT approach has three key elements:

Most precise/accurate experimental measurements with uncertainties 
and correlations

Most precise SM predictions for observables: 
NLO, NNLO, N3LO…

Most precise EFT predictions         

26

Searching for new interactions with an EFT 
Contribution to: 2022 Snowmass Summer Study: e-Print:2206.0832 [hep-ph]

https://inspirehep.net/conferences/1803127
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Interpretation needs precision

ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

a(6)
n,i (μ) c(6)

i (μ) + 𝒪 ( 1
Λ4 )

The master equation of an EFT approach has three key elements:

Most precise/accurate experimental measurements with uncertainties 
and correlations

Most precise SM predictions for observables: 
NLO, NNLO, N3LO…

Most precise EFT predictions         
increased NP Sensitivity 
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increased UV identification power 

UV
EFT

⇒
⇒
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Searching for new interactions with an EFT 
Contribution to: 2022 Snowmass Summer Study: e-Print:2206.0832 [hep-ph]

https://inspirehep.net/conferences/1803127
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Progress in SMEFT at 1-loop level RGE
· Anomalous dimension  matrix  [Jenkins, Manohar and Trott, 2013,2014,2014]

Production
· pp jj (4F) [Gao, Li, Wang, Zhu, Yuan, 2011]
· pp tt (4F) [Shao, Li, Wang, Gao, Zhang, Zhu, 2011]
· pp VV [Dixon, Kunszt, Signer ,1999] [Melia, Nason, Röntsch, Zanderighi ,2011] 
[Baglio, Dawson, Lewis ,2017,2018,2019][Chiesa et al., 2018]
· top FCNCs  [Degrande, FM, Wang, Zhang ,2014] [Durieux, FM, Zhang ,2014]
· pp tt (chromo) [Franzosi, Zhang ,2015]
· pp tj [Zhang ,2016] [de Beurs, Laenen, Vreeswijk, Vryonidou ,2018]
· pp  ttZ [Rontsch and Schulze,2015] [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]
· pp  ttH [FM, Vryonidou, Zhang ,2016]
· pp  HV,Hjj [Greljo, Isidori, Lindert, Marzocca, 2015][Degrande, Fuks, Mawatari, Mimasu, 
Sanz ,2016], [Alioli, Dekens, Girard, Mereghetti ,2018]
· pp H [Grazzini, Ilnicka, Spira, Wiesemann ,2016] [Deutschmann, Duhr, FM, Vryonidou ,2017]
· pp  tZj,tHj [Degrande, FM, Mimasu, Vryonidou, Zhang ,2018]
· pp  jets [Hirschi, FM, Tsinikos, Vryonidou ,2018]
· pp  VVV [Degrande, Durieux, FM, Mimasu, Vryonidou, Zhang, 20xx]
· gg  ZH,Hj,HH [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]
· Higgs self-couplings  [McCullough, 2014][Degrassi, Giardino, FM, Pagani, Shivaji, Zhao, 
2016-2018][Borowka et al. 2019][FM,Pagani, Zhao, 2019]
· EW  loops in tt [Kuhn et al.,1305.5773], [Martini 1911.11244]
· EW top loops in Higgs & EW [Vryonidou, Zhang ,2018][Durieux, Gu, Vryonidou, Zhang ,2018]
[Boselli et al. 2019]
· Drell-Yan (EW corrections)  [Dawson and Giardino, 2021]
Decay
· Top [Zhang ,2014] [Boughezal, Chen, Petriello, Wiegand ,2019]
· h  VV [Hartmann, Trott ,2015] [Ghezzi, Gomez-Ambrosio, Passarino, Uccirati ,2015, 2015]
[Dawson, Giardino ,2018,2018][Dedes, et al. ,2018] [Dedes, Suxho, Trifyllis ,2019]
· h  ff [Gauld, Pecjak, Scott ,2016] [Cullen, Pecjak, Scott ,2019][Cullen, Pecjak, ,2020]
· Z,W [Hartmann, Shepherd, Trott ,2016] [Dawson, Ismail, Giardino ,2018,2018,2019]
EWPO
 · EWPO [Zhang, Greiner, Willenbrock ’12] [Dawson, Giardino ,2020]

→
→
→

→
→
→
→

→

→
→
→
→
→

→

→

1-loop accuracy allows:


• Unveil the SMEFT structure (mixing)


• K-factors (accuracy)


• Scale uncertainties (precision)


• Exploit loop sensitivity:

28

“same strategy” as in SM@dim4

Searching for new interactions with an EFT 
Contribution to: 2022 Snowmass Summer Study: e-Print:2206.0832 [hep-ph]

http://arxiv.org/abs/arXiv:1804.01477
https://arxiv.org/abs/1512.06135
https://arxiv.org/abs/1305.5773
https://arxiv.org/abs/1911.11244
https://arxiv.org/abs/2105.05852
https://inspirehep.net/conferences/1803127
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Precision calculations for the LHC
Computing needs

Higher precision  more 
computing and (memory) 
storage 

⇒

Contribution to: 2022 Snowmass Summer Study: arXiv:2204.04200v1 [hep-ph] 

https://inspirehep.net/conferences/1803127
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Precision calculations for the LHC
Computing needs

30

Contribution to: 2022 Snowmass Summer Study e-Print: 2008.13636 [physics.comp-ph]

CC#3: develop tools that can provide all the necessary predictions/simulations within the planned computing and storage resources. 

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2008.13636
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Computational opportunities
New architectures

31

[S. Carrazza et al. , 2105.10529]


Modern approach based on new architectures,

[Hagiwara et al. , 1305.0708]

MadGraph on GPUs 2013

Proof of principle implementation based on 
CUDA and first GPUs. Memory constraints, 
large color matrices →  huge gains but 
scaling with # extra partons bad…

MadGraph  Comix/Amegic on GPUs

[E. Bothmann, et al. 2106.06507]


Contribution to: 2022 Snowmass Summer Study: e-Print:2203.11110 [hep-ph]

https://inspirehep.net/authors/1236285
https://arxiv.org/abs/2105.10529
https://arxiv.org/abs/1305.0708
https://inspirehep.net/literature/1868130
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.11110
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Machine Learning techniques

32

A survey of machine learning-based physics event generation 

[Y. Alanazi, et al. 2106.00643 ]

Understanding Event-Generation Networks via Uncertainties 

[M. Bellagente et al  2104.04543 ] 

Phase Space Sampling and Inference from Weighted Events with Autoregressive Flows 

[B. Stienen et al. , 2011.13445 ]

i-flow: High-dimensional Integration and Sampling with Normalizing Flows 

[Christina Gao  et al. 2001.05486 ]

How to GAN Event Unweighting 

[M. Backes et al. : 2012.07873 ]

Generative Networks for LHC events 

[Anja Butter and Plehn 2008.08558 ]

Invertible Networks or Partons to Detector and Back Again 

[M. Bellagente et al. e-Print: 2006.06685 ]

How to GAN away Detector Effects 

[M. Bellagente et al,  1912.00477 ]

How to GAN LHC Events 

Anja Butter et al. 1907.03764 [hep-ph]

Impressive progress in the exploration of different 
methods and in identifying the most relevant 
questions in last few years! 


• Can the ML-MC go beyond the statistical precision of the training event samples?

• Can they faithfully reproduce the physics?

• Can they provide new physics insights? 

 Contribution to: 2022 Snowmass Summer Study: e-Print: 2203.07460 [hep-ph]

D. Maître and H. Truong 

Computational opportunities

https://inspirehep.net/literature/1866344
https://arxiv.org/abs/2106.00643
https://inspirehep.net/literature/1857841
https://arxiv.org/abs/2104.04543
https://inspirehep.net/literature/1833625
https://arxiv.org/abs/2011.13445
https://inspirehep.net/literature/1775792
https://inspirehep.net/authors/1631087
https://arxiv.org/abs/2001.05486
https://inspirehep.net/literature/1836749
https://arxiv.org/abs/2012.07873
https://inspirehep.net/literature/1812355
https://inspirehep.net/authors/1790622
https://arxiv.org/abs/2008.08558
https://inspirehep.net/literature/1800956
https://arxiv.org/abs/2006.06685
https://inspirehep.net/literature/1768021
https://arxiv.org/abs/1912.00477
https://inspirehep.net/literature/1742987
https://inspirehep.net/authors/1790622
https://arxiv.org/abs/1907.03764
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07460
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Quantum Computing

33

Quantum Algorithm for High Energy Physics Simulations
[C. W. Bauer et al. 1904.03196]

Simulating collider physics on quantum computers using effective field theories
C. W. Bauer et al.  2102.05044 [hep-ph]

Quantum algorithm for Feynman loop integrals
Selomit Ramírez-Uribe et al. 2105.08703 

Towards a quantum computing algorithm for helicity amplitudes and parton showers
Khadeejah Bepari et al. 2010.00046 [hep-ph]

Quantum Algorithms for Jet Clustering
Annie Y. Wei et al. 1908.08949 [hep-ph]

Growing interest in quantum computations for HEP: 

Determining the proton content with a quantum computer
Adrián Pérez-Salinas et al. 2011.13934

sum over helicities sum over PS histories

Contribution to: 2022 Snowmass Summer Study: e-Print: 2203.07091 [quant-ph]

Computational opportunities

https://inspirehep.net/literature/1728687
https://inspirehep.net/authors/1017103
https://arxiv.org/abs/1904.03196
https://inspirehep.net/literature/1845763
https://inspirehep.net/authors/1017103
https://arxiv.org/abs/2102.05044
https://inspirehep.net/literature/1863769
https://inspirehep.net/authors/1730297
https://arxiv.org/abs/2105.08703
https://inspirehep.net/literature/1820606
https://inspirehep.net/literature?q=a%20K.Bepari.1
https://arxiv.org/abs/2010.00046
https://inspirehep.net/literature/1751122
https://inspirehep.net/literature?q=a%20A.Y.Wei.1
https://arxiv.org/abs/1908.08949
https://inspirehep.net/literature/1834151
https://inspirehep.net/literature?q=a%20A.Perez.Salinas.1
https://arxiv.org/abs/2011.13934
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07091
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Considerations

• Serious computational bottleneck ahead of us for HL-LHC


• Many really new ideas being explored


• Having an ambitious objective to estimate the gap might help:

34

Computational opportunities

Achieve real-time event simulation  
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Precision calculations for  EW.H.T factories
The workhorses

35

Contribution to: 2022 Snowmass Summer Study: e-Print:2203.12557 [hep-ph]

W

W

t

t

H

Z

_

Known at NLO in EW with W decays. 
In order to determine mW at 1 MeV 
needs to be known at the subpermill 
leve l . NNLO EW computat ion 
involves many scales. In addition an 
EFT treatment of the W threshold is 
necessary. 

Workhorse for H studies. Known at 
NLO in EW with Z decays. NNLO 
correct. Gives access to trilinear and 
top-Yukawa at one loop and 
quadrilinear Higgs self-couplings and 
others at two loops.  

Known at N3LO in the NRQCD EFT 
approach at threshold for top mass 
and width determination. NLO QCD 
corrections for the 2->6 known. 
NNLO EW corrections are not known. 

In addition ISR effects, collinear and soft need to be included. 

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.12557
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In QED the charges are scalars. No flows!  -Qi * Qj can be negative emission of 
a photon is independent from the others and the dipole does not change. 
Interleaving with the much more probable QCD radiation in the case of quarks 
is a challenge. 

However, YFS Soft resummation provides a way to resum soft contributions   

Collinear effects captured through the residuals. Improvements 
necessary to also have Ɣ to fermions splitting included at order α2 . 

NLO+NLL vs NLO+LL 

Bertone et al. 2207.03265

Precision calculations for  EW.H.T factories
QED showers

36

Contribution to: 2022 Snowmass Summer Study: e-Print:2203.12557 [hep-ph]
Contribution to: 2022 Snowmass Summer Study, e-Print: 2203.06799 [hep-ph]

https://arxiv.org/abs/2207.03265
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.12557
https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.06799
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Multi-TeV lepton colliders
The essentials
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σs ∼
1
s

σs ∼
1

M2
logn s

M

A completely new regime opening for a multi-TeV muon collider

Different physics being probed in the two channels  

Discovery Measurements 

‘

‘

O(10) TeV lepton-lepton collider energy allows to have two colliders in one: 

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.07256 [hep-ph]

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07256
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How events look in a multi-TeV lepton collider?

38

tth production at the LHC

(Fully hadronic) tth production at the muC 100 TeV HH→4b production at a multi-TeV muC 

In  a muon collider gluons and quarks first appear at scales of order 100 GeV in the decays of W,Z,H (from either initial state or final state radiation) or from photon splitting. 

Multijet final states are of EW origin.  

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.07256 [hep-ph]

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.07256


 Han, Ma, Xie arXiv:2007.14300v4. 2103.09844 Han, Ma, Xie rXiv:2203.11129v1 

Contribution to: 2022 Snowmass Summer Study e-Print: 2203.11129 [hep-ph]

Precision calculations for  multi-TeV lepton colliders
EW resummation 

Some comments here

https://inspirehep.net/conferences/1803127
https://arxiv.org/abs/2203.11129


At very high energies, E>>v, SU(2) x U(1) is restored and evolution through EW radiation will take place. The non-abelian nature of SU(2) will make a shower 
look more like QCD.  One the scales are down to ~v EWSB effects will start to become important again. 

Evolution (EW double logs and polarisation):

• [Christiansen, Sjostrand 1401.5238]

• [Christiansen, Prestel 1510.01517]

• [Chen, Han, Tweedie 1611.00788] 

• [Manohar, Waalewijn 1802.08687]

• [Bauer, Provasoli, Webber 1806.10157]

• [Bauer, Webber 1808.08831] 

• [Kleiss, Verheyen, 2002.09248]

• [Bauer, Rodd, Webber 2007.15001]

• [Masouminia, Richardson, 2108.10817]

• [Brooks, Skands, Verheyen  2108.10786v2]

•
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<latexit sha1_base64="/3PRSVqHRBUYdhbnTH8WYFIShSQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0JqLeAF48RzAOSJfROJsmYeSwzs0JY8g9ePCji1f/x5t84SfagiQUNRVU33V1xwpmxQfDtra1vbG5tF3aKu3v7B4elo+OmUakmtEEUV7odo6GcSdqwzHLaTjRFEXPaise3M7/1RLVhSj7YSUIjgUPJBoygdVKzO0QhsFcqB5VgDn+VhDkpQ456r/TV7SuSCiot4WhMJwwSG2WoLSOcTovd1NAEyRiHtOOoREFNlM2vnfrnTun7A6VdSevP1d8TGQpjJiJ2nQLtyCx7M/E/r5PawXWUMZmklkqyWDRIuW+VP3vd7zNNieUTR5Bo5m71yQg1EusCKroQwuWXV0nzshJWKzf31XKtmsdRgFM4gwsI4QpqcAd1aACBR3iGV3jzlPfivXsfi9Y1L585gT/wPn8AhpWPEw==</latexit>

e+

<latexit sha1_base64="vGE0bL4jxfS89zyShaXNlY3mZS8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QxrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOle3w875XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdK8qHjVyvVdtVyr5nEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OcF6cd+dj3rri5DNH8AfO5w/jvI2E</latexit>

p̄

<latexit sha1_base64="lHZzTapsDkbh+2fu4OeaqW1bT7s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvHiMYB6QLKF3MkmGzM4OM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dkRLcWN//9gobm1vbO8Xd0t7+weFR+fikZZJUU9akiUh0J0LDBJesabkVrKM0wzgSrB1N7uZ++4lpwxP5aKeKhTGOJB9yitZJ7V6EOlOzfrniV/0FyDoJclKBHI1++as3SGgaM2mpQGO6ga9smKG2nAo2K/VSwxTSCY5Y11GJMTNhtjh3Ri6cMiDDRLuSlizU3xMZxsZM48h1xmjHZtWbi/953dQOb8KMS5VaJuly0TAVxCZk/jsZcM2oFVNHkGrubiV0jBqpdQmVXAjB6svrpHVVDWrV24dapV7L4yjCGZzDJQRwDXW4hwY0gcIEnuEV3jzlvXjv3seyteDlM6fwB97nD5d6j7c=</latexit>

Matching

<latexit sha1_base64="+bK9DrA3/0O0tcC6E4ZV2XHVX2Y=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLePEiRDAPSNYwO5kkQ2Znl5leJSz5Dy8eFPHqv3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DRRohlvsEhGuh1Qw6VQvIECJW/HmtMwkLwVjK9nfuuRayMidY+TmPshHSoxEIyilR7Srg7JLUU2Emo47RVLbtmdg6wSLyMlyFDvFb+6/YglIVfIJDWm47kx+inVKJjk00I3MTymbEyHvGOpoiE3fjq/ekrOrNIng0jbUkjm6u+JlIbGTMLAdoYUR2bZm4n/eZ0EB1U/FSpOkCu2WDRIJMGIzCIgfaE5QzmxhDIt7K2EjaimDG1QBRuCt/zyKmlelL1K+equUqpVszjycAKncA4eXEINbqAODWCg4Rle4c15cl6cd+dj0Zpzsplj+APn8weHoJKG</latexit>

DGLAP

<latexit sha1_base64="EDhGggMEsi2njdSUWClAPHumxrA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVwXqrKOjBQwX7AdulZNNsG5psliQrlKU/w4sHRbz6a7z5b0zbPWjrg4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1paporQJpFcqk6INeUspk3DDKedRFEsQk7b4eh66refqNJMxo9mnNBA4EHMIkawsZKfdZVAN7f3V41Jr1xxq+4MaJl4OalAjkav/NXtS5IKGhvCsda+5yYmyLAyjHA6KXVTTRNMRnhAfUtjLKgOstnJE3RilT6KpLIVGzRTf09kWGg9FqHtFNgM9aI3Ff/z/NREtSBjcZIaGpP5oijlyEg0/R/1maLE8LElmChmb0VkiBUmxqZUsiF4iy8vk9ZZ1TuvXj6cV+q1PI4iHMExnIIHF1CHO2hAEwhIeIZXeHOM8+K8Ox/z1oKTzxzCHzifP13JkKU=</latexit>

Pythia

<latexit sha1_base64="eu1e+MyN1P3vtP8RYQu93M9v8j4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWRgvVW8OKxgv2ANpTNdtou3WzC7kSMob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC2LBNbrut1XY2Nza3inulvb2Dw7L9tFxW0eJYtBikYhUN6AaBJfQQo4CurECGgYCOsH0Zu53HkBpHsl7TGPwQzqWfMQZRSMN7HIf4RERs2aKE05nA7viVt0FnHXi5aRCcjQH9ld/GLEkBIlMUK17nhujn1GFnAmYlfqJhpiyKR1Dz1BJQ9B+tjh85pwbZeiMImVKorNQf09kNNQ6DQPTGVKc6FVvLv7n9RIc1f2MyzhBkGy5aJQIByNnnoIz5AoYitQQyhQ3tzpsQhVlaLIqmRC81ZfXSfuy6tWq13e1SqOex1Ekp+SMXBCPXJEGuSVN0iKMJOSZvJI368l6sd6tj2VrwcpnTsgfWJ8/nW+Tsw==</latexit>

⌫

<latexit sha1_base64="ntef6D3glm6LML0cUydxlY/BeNI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh75MB+WKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvql6tenNfqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBejY3V</latexit>

1

<latexit sha1_base64="XW/2sFSnOgppSReUk5gfTastosg=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmaS0WRuAS96S8AskAyhp9OTtOlZ6O4RwpAv8OJBEa9+kjf/xs4iqOiDgsd7VVTV8xPOpLKsDyO3tr6xuZXfLuzs7u0fFA+P2jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57TjT67mfueeCsni6FZNE+qFeBSxgBGstNS0B8WSZVZq9qVTQ5ZZrjquU9GkWim77gWyTWuBEqzQGBTf+8OYpCGNFOFYyp5tJcrLsFCMcDor9FNJE0wmeER7mkY4pNLLFofO0JlWhiiIha5IoYX6fSLDoZTT0NedIVZj+dubi395vVQFNS9jUZIqGpHloiDlSMVo/jUaMkGJ4lNNMBFM34rIGAtMlM6moEP4+hT9T9pl03ZMt+mU6jerOPJwAqdwDjZUoQ7X0IAWEKDwAE/wbNwZj8aL8bpszRmrmWP4AePtEwh0jSY=</latexit>

2

<latexit sha1_base64="AsmPoPiIAvHMKAd67VRije65fQw=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYxWrMruNFdC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1VYWV1b3yhulra2d3b3yvsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2H46uZ376nUrFE3OpJSoMYDwWLGMHaSA23X64g26n6Z+cIIruKPPfCM8T1fN8ojo3mqIAl6v3ye2+QkCymQhOOleo6KNVBjqVmhNNpqZcpmmIyxkPaNVTgmKognx86hSdGGcAokaaEhnP1+0SOY6UmcWg6Y6xH6rc3E//yupmOLoOciTTTVJDFoijjUCdw9jUcMEmJ5hNDMJHM3ArJCEtMtMmmZEL4+hT+T1qu7Xi23/AqtZtlHEVwBI7BKXBAFdTANaiDJiCAggfwBJ6tO+vRerFeF60FazlzCH7AevsE8XSNFg==</latexit>

3

<latexit sha1_base64="Wgm3pGQVYKiWdgyVMs0SlxZeL6M=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmbGLM4t4EVvCZgFkiH0dGqSNj0L3T1CGPIFXjwo4tVP8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeTW1jc2t/LbhZ3dvf2D4uFRW8apoNCiMY9F1ycSOIugpZji0E0EkNDn0PEnV3O/cw9Csji6VdMEvJCMIhYwSpSWmheDYskyXbvqVB1smWWn5lZsTRyrYrtVbJvWAiW0QmNQfO8PY5qGECnKiZQ920qUlxGhGOUwK/RTCQmhEzKCnqYRCUF62eLQGT7TyhAHsdAVKbxQv09kJJRyGvq6MyRqLH97c/Evr5eq4NLLWJSkCiK6XBSkHKsYz7/GQyaAKj7VhFDB9K2YjokgVOlsCjqEr0/x/6TtmHbZdJvlUv1mFUcenaBTdI5sVEN1dI0aqIUoAvSAntCzcWc8Gi/G67I1Z6xmjtEPGG+f8ySNFw==</latexit>
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Precision calculations for multi-TeV lepton colliders
EW showers 
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Computational challenges for high-energy colliders

41

#1: Determine the SM parameters in terms of underlying UV 
dynamics, and in particular the Higgs mass, which is out of 
control.

#2: Reach the 1% goal for TH predictions for pp collisions by the 
start of the HL-LHC.

#3: Develop MC tools that can provide all the necessary 
predictions/simulations within the planned computing and storage 
resources. 

#4: Bring the TH predictions for HTE factories to the level 
(0.1-0.01%) necessary for perspective studies. 

#5: Achieve understanding and precision predictions for SM 
(EW) phenomena at very high energy.   

Our deep motivation

Data + computational complexity to be tamed. New 
technologies (ML, Quantum, GPU) to the rescue

Catch up with 20-year of TH developments after LEP

Cover physics of the SM at 100 TeV scales

Summary



Goals ETA wrt tHL-LHC

NLOQCD x NLOEW   Before

NNLO EW for 2 → 2 Well before 

NNLOQCD for (any) 2 → 3 Well before

PDF at N3LO By

N3LOQCD for main 2 → 2 (loops+subtraction) Unknown

N4LOQCD for candles Unknown

Precision calculations for the HL-LHC



Goals ETA wrt to tHL-LHC

NLL accuracy for QCD observables at pp collisions and 
implementation  Before

NNLO+NLL accuracy for QCD observables at hadron colliders Before

NLO+LL  with QCD+QED shower for any collider Well before

NNLO+NLL  accuracy with QCD+QED At

LL EW Shower + Matching/merging Well Before

NNLO+NLL Shower for lepton colliders After

Precision showering


